Macroalgae are of increasing interest for high-value biotechnological applications, but some seaweeds, such as coralline red algae, cannot be grown in cultivation costeffectively. Wild harvesting of seaweeds, particularly of those that are ecosystem engineers, must be demonstrably sustainable: here we address the topic of resource sustainability in the context of harvesting Corallina officinalis in Ireland for bioceramics. C. officinalis provides habitat for a diverse macrofaunal community and the effects of harvesting C. officinalis on the associated fauna must be included in any assessment of harvesting sustainability. Corallina intertidal turfs subject to experimental harvesting were confirmed, using DNA barcoding with cox1, to comprise only C. officinalis and not the pseudocryptic species C. caespitosa, despite the wide range of morphologies, and they had high genetic diversity. Harvesting of C. officinalis was carried out at experimental sites by two techniques (hand cutting and pulling) to test the recovery of the primary resource and the associated macroinvertebrate assemblage. Harvesting the alga by both methods encouraged regrowth: cut and pulled plots had a much higher growth rate than unharvested turfs, regaining their original length within 4-6 months of harvesting, suggesting that turfs of this species may grow to a predetermined length. The structure, richness and evenness of the invertebrate assemblage were not significantly affected by harvesting C. officinalis by cutting or pulling, though some organisms within the community showed a response to harvesting. The pattern of recovery of the sediment, an important component of the C. officinalis habitat, was consistent with the shorter (harvested) turf trapping more sediment than longer natural turfs. As many of the organisms associated with the habitat use the sediment for food or building materials, this may have ameliorated the effects of harvesting on the community. A period of a year between harvests is recommended to allow the C. officinalis biomass to return to baseline levels and unharvested fallow areas should be included in a harvesting plan to allow macroinvertebrates to re-colonize the harvested turf.
INTRODUCTION
Algae are increasingly important as a potentially sustainable resource for biotechnological applications (Kim and Chojnacka, 2015; Rocha et al., 2018) . Whilst microalgae are suitable for culture in bioreactors and some macroalgae, or seaweeds, are grown on frames and ropes in the open water (FAO, 2003 (FAO, -2015 Chung et al., 2017) , other seaweeds are more efficiently harvested from the wild (McLaughlin et al., 2006; Mac Monagail et al., 2017) . Wild algae can be commercially harvested either by hand or mechanically. Laminaria spp. (kelp) and other large subtidal canopy-forming algae can be harvested from boats equipped with cutting and raking tools (e.g., the Brittany "scoubidou") (Mesnildrey et al., 2012) . Intertidal species with long thalli which float on the surface, such as Ascophyllum nodosum, can likewise be harvested mechanically at high tide by shallow-draft paddlewheel or water jet-driven cutters (Meland and Rebours, 2012) . However, species with short or delicate thalli are not suitable for mechanical harvesting and must be harvested by hand. Manual (artisanal) harvesting of wild seaweeds has a long history in coastal communities, where they have been collected for food, medicine and as a soil improver (Reed, 1907; Morrissey et al., 2001; Mac Monagail et al., 2017; Yang et al., 2017) . Manual harvesting is informed by traditional practices and hand harvesting of seaweeds is largely regarded as sustainable (McLaughlin et al., 2006; O'Toole and Hynes, 2014) . However, even with hand harvesting there is a risk of over-exploitation. Unregulated wild harvest can lead to depletion of a species in an area, increasing market value and intensifying harvest efforts on the remaining resources (e.g., Chondracanthus chamissoi in Peru: Rebours et al., 2014) .
Consequently, before harvesting begins on a commercial scale, sustainability of the resource under probable harvesting regimes must be assessed. An important element of sustainability is genetic diversity, but there are few studies of the genetic effects of harvesting seaweeds. Guillemin et al. (2014) attribute remarkably low diversity in Chilean populations of Gracilaria chilensis to a recent genetic bottleneck due to over-exploitation of natural stocks, which has been exacerbated by using genetically depressed populations as stock for aquaculture. In Brittany, France, populations of the economically important kelp Laminaria digitata exhibit greater genetic diversity within the Iroise Sea Marine Protected Area than outside it, and act as a source for other regions (Couceiro et al., 2013) .
Whilst many commercially valuable algae are collected for their polysaccharides and cellular components (El Gamal, 2011; Kim and Chojnacka, 2015; Mac Monagail et al., 2017) , coralline algae contain very little organic material in comparison with more fleshy species, and have been collected traditionally for their calcified skeleton (Wilson et al., 2004) . Large quantities of free-living, non-geniculate coralline algae can occur in specific areas as maerl or rhodolith beds, which have traditionally been heavily exploited along the NE Atlantic coastline for lowvalue applications such as soil conditioning (Blunden et al., 1975) . Maerl is also used in higher-value products such as food supplements for humans and domesticated animals (Nielsen et al., 2011; Ryan et al., 2011) . However, the growth rate of the most abundant maerl species in Europe, Phymatolithon calcareum, is low (less than 2 mm per annum), which precludes sustainable harvesting (Blake and Maggs, 2003) . In comparison with maerl, geniculate coralline species have a rapid growth rate and could potentially be considered renewable, whereas maerl is essentially a finite resource. Two species of the geniculate (jointed) coralline genus Corallina are currently recognized in the British Isles: Corallina officinalis and the semicryptic species C. caespitosa (Walker et al., 2009; Williamson et al., 2015) . Genetic diversity of Corallina species is high on European coasts (France and Spain) (Pardo et al., 2015) , and samples from southern England included several haplotypes (Walker et al., 2009) .
Corallina officinalis occurs on rocky shores around most of the coast of Britain and Ireland, in easily accessible pools and crevices from the sublittoral fringe to the mid-shore (Irvine and Chamberlain, 1994) . This widespread distribution could make it a better prospect for coastal communities to exploit on a part-time basis than the low-value fleshy species used for agriculture and food additives. The high-value applications for calcified algae (medical and cosmetic products) could mean a large return from a small amount of biomass collected. For example, C. officinalis has been identified as a feedstock for bone substitute materials (Kasperk et al., 1988; Turhani et al., 2005; Clarke et al., 2011 ) and a novel, low temperature process for the production of high quality material from C. officinalis was patented at Queen's University Belfast (Walker et al., 2007; Walsh et al., 2008 Walsh et al., , 2010 Walsh et al., , 2011 . C. officinalis therefore offers a potentially sustainable alternative to the coral-derived bone substitutes that had been used clinically for dental and orthopedic applications, which makes it an attractive prospect for harvesting. Although Corallina spp. have traditionally been collected in small quantities in Britain, Ireland and elsewhere in Europe, there is no research underpinning best practice for harvesting (McLaughlin et al., 2006) . Like other geniculate species with similar morphology, C. officinalis is known to be a habitat-forming species or ecosystem engineer, which creates a reasonably stable and complex refuge from environmental stressors (Dommasnes, 1968; Bussell, 2003) and predation (Coull and Wells, 1983; Hayakawa et al., 2013) , influencing the community structure of the shores on which it occurs (Kelaher, 2002; Nelson, 2009) . The dense networks of semi-rigid thalli trap debris, which can be exploited as a food source (Hicks, 1986) . C. officinalis also supports a community of macro-epiphytes (Munda, 1977; Stewart, 1982; Akioka et al., 1999; Berthelsen and Taylor, 2014) and micro-epiphytes (Perkins et al., 2016) which can be exploited as food. Animals that live amongst Corallina use the turf in various ways and exploit different aspects of the habitat. Harvesting the alga will change the habitat structure by affecting the amount of surface area available for settlement, refuge, grazing, and sediment capture -how long these effects persist could be important for resilience of invertebrate assemblages. Important biogenic habitats created by ecosystem engineers have been degraded by exploitation using unsustainable harvesting practices, aimed at the organisms themselves or associated species, e.g., Ostrea edulis (Airoldi and Beck, 2007) , Modiolus modiolus (Strain et al., 2012) and maerl (Hall-Spencer and Moore, 2000; Hall-Spencer, 2005) , and there is increasing awareness that they should be protected from disturbance and overexploitation (Cole et al., 2016) . C. officinalis is not protected under any conservation legislation and it has not been harvested extensively to date. Therefore, a rare opportunity exists to assess the effects of harvest on the organisms associated with this ecosystem engineer in advance of its possible exploitation.
This study aimed to advance knowledge on harvesting of C. officinalis and to determine the feasibility of sustainable harvesting from the Irish coastline, including a preliminary determination of genetic diversity at the proposed harvest site using the DNA barcode marker cox1, which is also suitable for molecular identification. Firstly we assessed the regeneration of the alga after differing hand-harvesting methods. In a subsequent experiment, the a priori hypothesis that harvesting the C. officinalis turf would not change the diversity or structure of the associated invertebrate assemblage was tested. The community of animals living in coralline turf is known to recover rapidly after trampling (Brown and Taylor, 1999; Huff, 2011) , therefore it was predicted that harvesting the alga would not have a lasting effect on the invertebrate assemblage. The effect of harvesting on important physical constituents of the habitat i.e., the coralline alga itself and the associated sediment were also tested, and time to recovery was estimated.
MATERIALS AND METHODS

Field Study Sites
Two readily accessible shores with sufficient coralline algal turf cover for experimental manipulation were selected on the north and east coast of Ireland in 2006 as part of the EU project HIPPOCRATES. Sites were chosen to represent exposure to different water bodies: Glashagh Bay, Fanad Head, Co., Donegal, Ireland is on the Northeast Atlantic coast and Killough Bay, Co., Down, Northern Ireland is situated in a bay opening into the Irish Sea (Figure 1) . Glashagh Bay faces north-west with some shelter from the open Atlantic Ocean provided by offshore rocks and the shallow seabed which is <10 m at 1 km from the shore. It is remote from tourist beaches and the algal turf is therefore at minimal risk of trampling or other anthropogenic damage. Killough Bay faces east into the Irish Sea with some shelter from a point on the north-eastern side of the bay, but it is exposed to waves from the south east. The tidal range for both shores is approximately 5 m. At both sites Corallina sp(p) is dominant in the majority of pools from low water of spring tides (LWST) to mean tide level (MTL), forming a turf of varying height. The rock pools support an array of macroalgal species, including filamentous (e.g., Caradoriella (formerly Polysiphonia) elongata and Ceramium virgatum) and coarsely branched (e.g., Osmundea hybrida and Gelidium spp.) red algae; ephemeral (e.g., Ulva compressa) and perennial (e.g., Codium tomentosum) green algae and brown canopy algae (e.g., Fucus vesiculosus and Halidrys siliquosa). Encrusting coralline algae covered most of the remaining substratum. 40 37.10 W) was at higher elevation on the shore with a deep area in the center having substantial sedimentation. The Corallina in this pool grew in short scrubby clumps mainly around the edges of the pool. Replicate plots (n = 3) of 25 cm × 25 cm to be prepared for three experimental harvesting treatments and comparable unharvested controls (n = 3) were randomly distributed within each of the pools.
To mimic methods used for harvesting other algae, and suitable for large-scale harvesting of Corallina, experimental treatments included both cutting and pulling the C. officinalis thalli. The treatments were applied as follows: (1) coralline algal turf was cut to ∼30 mm length with scissors; (2) coralline algal turf was cut to ∼10 mm length with scissors; and (3) all coralline algal turf was completely pulled by hand from the basal crustose holdfast, the "pull" treatment, in three replicate quadrats in each pool. With all harvesting methods care was taken to leave the crustose holdfast intact, because in comparison to regeneration of uprights from an existing crustose base, formation of new thalli from spores is slow. The same number of control quadrats of coralline algal turf were left untouched in each pool to estimate ambient algal growth for comparison.
To estimate growth rate and determine when the alga returned to pre-harvested length, thalli were measured in all quadrats: at both pools at Fanad in late February and Killough in early March 2006 (before harvest: month 0) then in August and November 2006 at Fanad (after 6 and 10 months) and in July and November 2006 at Killough (after 4 and 10 months). Ten C. officinalis thalli were measured to the nearest mm from base to tip (thallus length = turf height) within each replicate quadrat on each visit; mean thallus length in each quadrat was the basic unit for analysis (see section "Data Analyses"). Increase in thallus length in each quadrat was calculated by subtracting thallus length at one timepoint from the next. Thallus length increase was then converted to growth rate in mm mo −1 by dividing the length increase by the number of months between measurements.
Molecular Identification and Genetic Diversity of Corallina officinalis in Donegal
To ensure the target species was harvested, and to obtain a preliminary assessment of genetic diversity, samples representing the full morphological range of Corallina from different habitats (differing in shore height and pool depth) were collected from Glashagh Bay, Fanad Head in January 2009. Thalli from five different individuals, representing the range of morphological variation (Supplementary Material 1), were photographed, rinsed, picked clean by hand of epiphytes and epifauna, blotted dry and preserved in silica gel prior to DNA extraction. Voucher specimens for the Corallina sequences were pressed and deposited in the Natural History Museum, London.
After grinding ∼20 mg of the dried sample with liquid nitrogen in an Eppendorf tube using an autoclaved minipestle, DNA was extracted with the Qiagen DNeasy Plant Mini Kit (Qiagen Ltd., W. Sussex, United Kingdom). The variable cox1 region was amplified using the primers GazF1 5 TCAACAAATCATAAAGATATTGG 3 and GazR1 5 ACTTCTGGATGTCCAAAAAAYCA 3 (Saunders, 2005) . PCR conditions (Perkin Elmer DNA Thermal Cycler 480; Perkin Elmer Biosystems) were 5 min at 94 • C, 35 cycles of 1 min at 94 • C, 1.5 min at 51 • C (annealing), 2 min at 72 • C, and a final extension of 5 min at 72 • C. Purification and sequencing of the PCR products were outsourced to Macrogen (Seoul, Korea). New sequences were uploaded to GenBank (Supplementary Material 2).
Sequences were edited in Codon Code Aligner version 6.02 (Codon Code Corporation), checking variable nucleotides carefully, and complementary strands were assembled in SeaView version 4 (Gouy et al., 2010 ). An alignment was constructed with other sequences of members of the tribe Corallineae, mostly Corallina spp., selected from GenBank using BLAST searches and relevant publications (Brodie et al., 2013; Pardo et al., 2015) . Sequences that were identical to those selected from the same geographical region were ignored. A compressed alignment with all variable sites (Supplementary Material 2) was used to assign sequences to haplotypes. The amino acid translation was examined in SeaView. Phylogenetic network estimation using statistical parsimony was carried out with TCS 1.21 (Clement et al., 2000) . Using Corallina vancouveriensis as outgroup resulted in too many ambiguities so the network was made with no outgroup.
Effects of Harvesting Corallina officinalis on the Diversity of the Invertebrate Community
Glashagh Bay, Fanad Head (Figure 1) was chosen for the second study in 2010 as it is representative of sites in the area but has a more extensive coverage of C. officinalis than others, making it a potential commercial harvesting site and allowing for a larger scale study. To separate the effects of harvesting on the variability in communities from those caused by shore height (Kelaher et al., 2001; Bussell et al., 2007) , a large pool (approximately 0.5-1 m above Chart Datum) that spanned c. 30 m horizontally along the shore but was only c. 5 m max. width, with an estimated ∼80% Corallina cover, was chosen as an experimental area (Figure 2a) . The pool consisted of varying microhabitats, from very shallow sills to deep crevices, and supported a diverse algal community.
A destructive sampling program was designed to avoid repeated measures analysis and maintain independent data among sampling occasions. Five replicates of each experimental treatment, for each sampling month [cut harvesting (n = 30), pull harvesting (n = 30) and no harvesting (n = 35)], were randomly assigned a 25 cm × 25 cm numbered grid square within a 1 m × 1 m alphabetical quadrat area (see Supplementary Materials 3, 4 for sample list and grids, respectively). These alphabetical areas were then transferred onto the pool in June 2010 by haphazardly placing a guide quadrat of the same size in 12 (A-L) different parts of the pool with continuous Corallina cover and marking their location (Figure 2b) . Harvesting treatment areas were demarcated when applying the treatments by aligning a quartered 50 × 50 cm quadrat with the outer edges of the 1 × 1 m guide quadrat (Figure 2c) . Alternate 25 cm × 25 cm grid squares within the smaller quadrat were designated as "fallow" areas to minimize autocorrelation between treatment squares (Figure 2 inset) .
Pre-ordained destructive baseline samples (10 cm × 10 cm; n = 5) were taken in June 2010 before applying the allocated harvesting treatments to all plots. Harvesting treatments were then applied as in the previous harvesting trials, with the modification that only one cut treatment was applied (∼2 cm) (e.g., Figure 2d ). The unharvested plots underwent the procedure of placing the quadrat, without harvesting. Depth measurements, to be used as co-variates in the analysis, were taken at low tide when all channels draining the pool were empty or still. Nine measurements (Figure 2f , gray dots) were taken in each 25 cm × 25 cm grid square with a ruler from the bottom of the pool to the water surface and the mean of these measurements represented the depth for that sample. The mean water depth of the sampled plots was 44 mm (range 0 -187 mm, Supplementary Material 5).
Destructive sampling of a 10 cm × 10 cm portion in the center of the 25 cm × 25 cm plot (to minimize "edge effects" i.e., spatial autocorrelation) of the cut, pulled and unharvested plots commenced 1 month after harvest in July 2010, and continued at months 4 (October 2010), 7 (January 2011), 10 (April 2011), 13 (July 2011), and 16 (October 2011) after harvest treatment (Figure 2e) . On each sampling occasion, five of the pre-ordained, randomly assigned replicates of cut, pull, and unharvested treatments were collected (see Supplementary Material 3 for sampling schedule). The 10 cm × 10 cm sample of coralline turf and associated fauna (Figures 2e,f) was enclosed in a plastic bag, by pushing the bag down over the sample, removed with a scraper and immediately transferred to a sorting tray. Any large, easily identifiable animals were photographed, logged and returned to the pool. The remaining material was transferred to a Ziploc bag and then preserved in labeled jars with 90% ethanol within 2 h of collection.
The samples composed of coralline turf, sediment, flora and fauna removed from the plots were processed by gently rinsing with running seawater through stacked Endicott sieves of 1 mm, 500 and 63 µm mesh. The 63-500 µm and the >1 mm fraction (Corallina and associated fauna) were included in the analyses. The sediment fraction for each plot was transferred to a separate foil tray and oven dried at 60 • C in a Gallenkamp oven (Weiss-Gallenkamp, Loughborough, United Kingdom). Prior to weighing, the samples were allowed to cool to room temperature in a desiccator. Samples were then weighed to the nearest 0.1 g with an Ohaus Adventurer AR3130 (Ohaus, Nanikon, Switzerland). Once the associated flora and fauna had been removed, the denuded C. officinalis fraction was processed in the same way as the sediment.
The >1 mm fraction of the sample contained coralline algae, epiphytic algae, terete species, epifauna, slow-moving associated fauna and large debris. After removing debris and other freeliving algae, the samples were processed under a dissecting microscope. Once the coralline alga had been picked clean, it was dried as detailed previously. Animals were identified using the literature and online material listed in Supplementary Material 6, and identification was corroborated by J. Nunn, National Museums Northern Ireland. Free-living annelid worms were not counted as they were most often fragmented and it was impossible to ascertain the number of animals accurately.
Data Analyses
Effect of Harvesting on Growth of Corallina officinalis Turf
The basic sampling unit for analysis was the mean thallus length in each quadrat, rather than the individual measurements, as the 10 measurements from each quadrat were considered spatial pseudoreplicates (Millar and Anderson, 2004) . Growth rate was used as the response variable in the subsequent analysis rather than thallus length, as a priori comparison of thallus lengths at time 0, before harvesting treatments were applied, revealed a significant difference in initial length between treatment plots (p = < 0.001). As sampling at the sites was unbalanced, pools were not nested within site and each pool was treated as a separate entity in the analyses.
To compare overall (10 months) growth rates, univariate ANOVA with Treatment (fixed, four levels) and Pool (random, three levels) as factors was used. Post hoc Tukey's HSD test was applied to resolve differences in significant terms. Data were checked for normality and homogeneity of variances with the Shapiro-Wilk and Cochran's C test, respectively. These analyses were conducted in R version 3.1.2 (R Core Team, 2015) .
To test for any effect of time of year on the algal growth after harvest, growth rates (mm mo −1 ) during the two intervals between measurements (spring/summer and autumn/winter) were compared with Permutational multivariate analysis of variance (PERMANOVA+ add-on in PRIMER version 6.1.13; PRIMER-E Ltd., Plymouth, United Kingdom). The univariate PERMANOVA was based on the same model structure as the ANOVA with the addition of Interval as a two level fixed factor.
The analysis was performed on a Euclidean distance dissimilarity matrix of untransformed growth rates in mm mo −1 . Control data were not considered in this analysis. In one case where a zero growth rate was recorded (possibly due to breakage of the thallus) the value was replaced with a dummy variable of 0.01.
Effects of Harvesting Corallina officinalis on the Diversity of the Invertebrate Community
Species were grouped by the lowest taxonomic group practicable to test for difference in diversity and assemblage structure. In most cases the taxonomic grouping was by order. In the case of several gastropod species, which have no formally assigned order (WoRMS Editorial Board, 2015) , subclass was used as grouping level. Insect larvae, nematodes and ascidians were grouped by phylum (Nematoda only), and class. This method of grouping allowed all invertebrates collected, except for 98 "unidentified tubes, " to be included in the analyses.
Analyses were carried out on the "R" statistical computing framework (version 3.1.2, R Core Team, 2015) . The a priori hypothesis that harvesting C. officinalis would have no effect on the sampled invertebrate community was tested using the manyglm function within the R package "mvabund" (Wang et al., 2015) . The "manyglm" function was used to fit univariate negative binomial generalized linear models to the abundance of each invertebrate taxon in the community and relate the abundance to a common set of explanatory variables, resulting in a multivariate analysis across taxa (Moorhouse et al., 2014) . The "anova" function was then used to generate resampling-based hypothesis tests of the multivariate abundance response. The abundance of invertebrate grouping taxa in each sample was the response variable in the model (90 observations of 26 variables), with harvest treatment (fixed, three levels), and months since treatment (fixed, six levels) as categorical variables (factors). Depth was included in the model as a continuous predictor (covariate). Model assumptions were checked by plotting the residuals to check for normality, i.e., random distribution on the plot (Supplementary Material 7) . Any correlation between taxa (which would be expected in a community) was accounted for in the resampling method (PIT-trap, Warton et al., 2015) .
Taxon richness (number of species in a sample, S) and evenness (relative abundance of different species in a sample, Simpson's, 1-λ) of the associated invertebrates were compared with two-way factorial ANOVAs, with harvest treatment (fixed, three levels), and months since treatment (fixed, six levels) as factors, for the taxonomic groups over the entire study, as a broad-scale measures of effect of harvesting on the invertebrate community.
The structural habitat components, Corallina dry biomass and sediment dry mass, were log x+1 transformed to normalize the variables then compared by the same method as the richness and evenness to check if and when the C. officinalis itself and sediment load within it returned to pre-harvesting levels.
RESULTS
Identification and Genetic Diversity of Corallina Samples
Sequence quality of the cox1 sequences from five Fanad samples was good except for sample 4 in which only the forward sequence was usable. The alignment was 663 bp in length. Analysis of the cox1 sequences, in an alignment with multiple GenBank sequences of Corallina spp., indicated that the five Fanad samples were all conspecific. They were identifiable as C. officinalis because some sequences were identical to the C. officinalis epitype cox1 GenBank accession no. FM180073 from Devon (Brodie et al., 2013) , which is also identical to the mitochondrial genome cox1 sequence (Supplementary Material 2) .
The compressed alignment for C. officinalis included 16 variable sites, which resulted in ten haplotypes (Supplementary  Material 2) . These separated into two major groups of haplotypes (A + B; C-I), with haplotype J clearly divergent from both groups. There was high genetic variation in the Fanad samples: the five sequences represented three different haplotypes, A, B, and C. Haplotype B, with T rather than C at position 618, was private to Fanad. Parsimony network analysis (Figure 3) showed clear phylogeographic structure. It confirmed that Haplotype J, from Haida Gwaii, BC, is the most distant from the other haplotypes, and it differs by four non-synonymous substitutions. Two well-separated Fanad haplotypes had broad geographical distributions: haplotype A was found widely in Europe from Ireland to the Basque Country; haplotype C occurred in the north-east Atlantic, Iceland, and the north-west Atlantic. Haplotypes from Brittany and Galicia form a closely related grouping, with four nonsynonymous substitutions in total between this group and the other haplotypes.
Effect of Harvesting on Growth of Corallina officinalis Turf
Although growth rates varied amongst the harvested samples, they grew significantly faster than the unharvested controls (Figure 4 and Table 1 ). The maximum mean growth rate found in this study was 9 mm mo −1 for cut harvest (3 cm) and 6.3 mm mo −1 for pull harvest (Supplementary Material 8). These growth rates are substantially higher than any FIGURE 4 | Mean growth rates (mm mo −1 , ± SD) of coralline algae harvested by three different methods, and controls in three different pools over the duration of the experiment (10 months). Growth rates of control samples were significantly different from all others. * Indicates isolated difference in growth rate within an experimental harvesting treatment group; letters indicate significant differences between pairs of growth rates across different treatments and pools (post hoc Tukey's HSD p < 0.05). Colthart and Johansen, 1973; Andrake and Johansen, 1980; Blake and Maggs, 2003) . ANOVA indicated a significant difference in growth rates between different harvesting methods in the pools (Figure 4 , letters on bars a-e). There was also a significant Treatment × Pool interaction, which was identified as an isolated difference between the growth rates of the 1 cm cut treatments at Fanad B and Killough. Within the other harvesting treatments there was no significant effect of pool, suggesting that at Fanad A and Killough, two geographically separated sites with similar pool topography and substratum type, the effect of harvesting on growth rate was similar.
The alga grew at different rates at different sites in the intervals (seasons) (PERMANOVA, Pool × Interval interaction p = < 0.006). Comparing the western and eastern sites with each other, Killough had the fastest growing C. officinalis in the early part of the year (interval 1, post hoc p = < 0.05), whilst in the second interval there was no difference between the geographic areas. Within pools across all treatments, Killough and Fanad A grew at similar rates in both intervals, whilst Fanad B grew faster later in the year (post hoc p = < 0.05; Figure 5 ). The maximum mean growth rates in each interval and in the experiment overall reflect these results (Supplementary Material 8) . There was no difference between the thallus lengths of the three manipulated plots and the control plot at the sites within any measurement period (post hoc p > 0.05).
Effect of Harvesting on Invertebrate Assemblage Structure and Diversity
The multivariate test for change in assemblage structure "manyglm" suggested there were effects of harvesting in some months (harvest × month interaction, Table 2, p < 0.05). When the individual GLM results were examined ( Table 2) , these interaction effects were seen most strongly in six groups of animals (effect size in parentheses): Tanaidacea (Tanais dulongii) (Dev = 30.309), Caenogastropoda (Bittium reticulatum) (Dev = 26.575), Neogastropoda (Nucella lapillus) (Dev = 25.688), Isopoda (Idotea spp.) (Dev = 24.77), Sabellidae (Spirorbis spp./Spirorbis corallinae) (Dev = 23.435) and Nematoda (Dev = 22.742), although none of the effects were statistically significant (p > 0.05). The effects were variable and in some cases cutting and pulling the alga seemed to have a positive effect, as the abundances of animals collected from the cut and pulled plots were greater than those from the unharvested plots (see Figure 6 ). In the six taxonomic groups that differed most among experimental harvesting treatments, the effects of harvesting C. officinalis turf were clearly seen in the first month after harvest, July 2010 (Figure 6 , abundances on harvested alga compared with unharvested), though this only persisted beyond July in Isopoda. For the remainder of the experiment, harvesting the alga did not reduce the abundance of Tanaidacea and Nematoda in general (the pull and cut plots had the highest median abundance, respectively, in the majority of months). Caenogastropoda, Neogastropoda and Sabellidae showed variable abundances, with no discernible pattern. Depth of sample also played a role in the community changes (Table 2) , though the only individual order on which this had a significant effect was Actinaria (anemones) (Dev = 19.228, p = 0.002).
Harvesting C. officinalis had no effect on invertebrate species richness (S) or evenness (1-λ), nor was there any harvest × month interaction (Supplementary Material 9) . However, there was a significant effect of month on evenness (p < 0.001), suggesting strong seasonality in numbers for at least some of the groups of invertebrates.
Effects of Experimental Harvesting Treatments on Structural Components of the Habitat
Corallina officinalis and sediment mass were significantly affected by both harvesting and month (Supplementary Material 10 and Figure 7) . Although the Corallina biomass in the cut and pull harvested plots differed from the June 2010 unharvested baseline in most months (Tukey's HSD, p = < 0.05), the cut samples had recovered to pre-harvesting levels by July 2011 (after 1 year). Furthermore, biomass of the cut and pull harvested samples was not significantly different from the unharvested control plots in the same month at any time after July 2010 (the first month after harvest, at which time only the pull samples were different from the controls, Figure 7A ; Tukey's HSD p < 0.001). This suggests that the unharvested biomass of Corallina decreased overall in the winter months and the baseline biomass recorded in June 2010 may have been a maximum.
The sediment mass in all plots in the winter months (October 2010; January 2011; and October 2011) , and in the pull harvested samples in July 2010 and April 2011, was significantly different from the June 2010 baseline samples ( Figure 7B ; Tukey's HSD, p < 0.05). However, the only time in spring/summer that sediment mass differed between harvested and unharvested control samples within a month was in July 2010, a month after harvest, when the pull samples were significantly different from the controls (Tukey's HSD, p = 0.001). This strong influence of time of year on sediment mass in relation to harvested algae was indicated by the significant harvest × month interaction (Supplementary Material 10) .
DISCUSSION
This study was designed to test the potential for sustainable harvesting of Corallina officinalis on Irish shores using three manual methods. Harvesting C. officinalis stimulated growth, so it can be argued that it is in principle a renewable resource. Regeneration of thalli was equally rapid after harvesting by both cutting and pulling techniques, and increased significantly relative to unharvested areas. In fact, a cut plot at Killough showed the highest reported growth rate for this species. The meristematic tissues of erect axes of C. officinalis are apical, so when the thallus tips are removed lateral branches below the damage continue to grow, in a process resembling apical dominance in plants. Shearing by grazing organisms, which would have a similar effect to cutting in this study, has been found to stimulate growth of Corallina sp. in Japan (Akioka et al., 1999) . In addition to lateral growth of axes after cut harvesting, the perennial crustose holdfast gives rise to new C. officinalis uprights at long as it remains intact. Littler and Kauker (1984) found that complete removal of articulated fronds by pulling stimulated generation of new uprights from the crustose base. This rapid regeneration after upright thalli have been destroyed or truncated is not surprising given that Taxa listed in order of effect size for a particular predictor. Large effects in bold, statistically significant effects in bold with * . In the case of the Harvest × Month interaction, non-significant but large effects are in bold italics.
C. officinalis has evolved in an environment where axes are frequently removed by wave action. It is likely that older heavily epiphytized axes add to the wave drag that results in their selective removal. This could be beneficial to the alga, like the loss of Chondrus crispus blades with heavy endophyte loads (Correa and McLachlan, 1992) . This dual origin of new algal tissue (from axes and holdfast) means that harvesting C. officinalis either by cutting or pulling, methods which would be typical of commercial harvesting, ensures regeneration without the need for recruitment of new individuals. This is in marked contrast to Laminaria species, for example, which invariably die if the meristem between the stipe and blade is harvested (Birkett et al., 1998) . Sustainable harvesting of these kelps requires expensive hand cutting above the meristem or depends on reliable recruitment of new individuals to bare patches created by mechanical harvesting (Smale et al., 2013) . After harvesting, C. officinalis had recovered its original thallus length through rapid regrowth by the date of the first measurement (4-6 months), but the speed of regeneration within this period is unknown. This means that it should be possible to harvest C. officinalis every 4-6 months, although growth rates (unharvested control, unshaded; cut, light gray; pull, dark gray) . * Significant differences between treatments (Tukey's HSD, p < 0.05).
will vary with time of year and site. However, it should be noted that the experimentally harvested patches were small and uniform in size, and real harvesters would be more likely to intensively remove the alga from larger areas. The recovery of a system can depend on the size of the perturbation. In areas experimentally cleared of Ascophyllum nodosum on a sheltered shore in Maine, larger cleared areas (>2 m) were dominated over time (within 7 years) by either Fucus vesiculosus or Mytilus edulis, whereas smaller cleared areas returned to A. nodosum dominance within the same timeframe (Petraitis et al., 2009 ).
However, as discussed above, regeneration of C. officinalis from holdfasts and cut axes does not require recruitment of new individuals, so the process is very different from that taking place after total clearance of fucoids, and it is possible that results would scale up from small quadrats to large patches. Nevertheless, long-term monitoring of the recovery of the C. officinalis turf percentage cover would be advisable. Older, larger coralline thalli produce more reproductive structures (conceptacles) than young, smaller thalli (Martone, 2010) , and the effect of harvesting on recruitment of new individuals should be a focus for further work on long-term harvesting effects on size of C. officinalis populations. The complexity of the physical structure created by C. officinalis thalli has been shown to have a positive influence on the diversity and abundance of most fauna associated with the alga (Davenport et al., 1999; Kelaher, 2002) . Although harvesting reduced the C. officinalis biomass, which remained lower than the controls throughout the study, the associated faunal community structure was not significantly affected by harvesting the alga. This suggests, in agreement with previous studies, and with the role of C. officinalis as an ecosystem engineer, that the complexity of the habitat, i.e., the amount of physical substratum provided by the algal fronds, was not the sole factor responsible for structuring the associated invertebrate community.
Recovery of the sediment, an important component of the C. officinalis habitat, revealed that harvested fronds may have trapped more sediment than unharvested thalli, due to the denser thallus matrix. As many of the organisms associated with the habitat use the sediment for food or building materials, this may have ameliorated the effects of harvesting on the community. C. officinalis grows from apices by elongation of meristematic cells (Matty and Johansen, 1981) ; if the main apices are removed by cutting, growth of branchlets continues. This can result in an increase in lower branching, as was found after shearing of thalli by grazers in Japan (Akioka et al., 1999) . Likewise with the pull harvest, the short fronds initiated rapidly from the crustose holdfast (Littler and Kauker, 1984) may have trapped more sediment than long and foliose thalli. In accordance with observations by Bussell et al. (2007) , shorter turf in shallower areas retains more sediment than the longer more mobile fronds in deeper areas. Reducing the length of fronds in deeper areas of the pool by harvesting could increase sediment accretion by reducing mobility of the thalli as well as increasing the density of branching. However, the nature of the sediment accreted can also change. After experimental harvesting of A. nodosum in Ireland, sediments were coarser, attributed to the change in hydrodynamic conditions with less dampening of turbulence by the long and buoyant fronds (Boaden and Dring, 1980) . Sediment provides construction material for tube-dwelling organisms such as tanaiids. When sediment was elevated in the harvested plots, in comparison with the unharvested, there was a marked increase in abundance of Tanais dulongii in comparison with the previous year. Female T. dulongii build their tubes from sediment at the base of C. officinalis fronds (Johnson and Attramadal, 1982) and the increase in T. dulongii on the harvested samples in the year after harvest may relate to the increased amount of sediment available in the plots, as suggested by Bueno et al. (2016) in Brazil. The amount of sediment in coralline algal turfs is positively correlated with the richness and abundance of gastropods (Kelaher et al., 2001; Kelaher and Castilla, 2005) , and nematodes are generally found at higher densities in turf algae and sediment (Gibbons and Griffiths, 1986) . Two groups of gastropods (Caenogastropoda and Neogastropoda) and nematodes had large effects sizes for the harvest × month interaction in this study. Caenogastropoda was composed of the grazing snail Bittium reticulatum, which is associated with sandy bottoms or sediment-rich compact algae (Sánchez-Moyano et al., 2000; Marriner et al., 2005) , and Neogastropoda of small numbers of the predatory whelk Nucella lapillus, which probably use C. officinalis at pool edges as refuge from predatory decapods and desiccation at low tide (Burrows and Hughes, 1991) . However, there was no clear pattern of change owing to harvesting in either group, with numbers in the unharvested and harvested plots fluctuating throughout the year. Nematodes mostly remain in the sediment (Armonies, 1988) where they feed by several different modes depending on the species: deposit feeding (including diatoms), predation, and scavenging (Jensen, 1987) , and there was a striking similarity between the sediment and nematode abundance throughout the experiment, in terms both of seasonal fluctuation and harvesting treatment differences.
Evaluating the effects of harvesting on the community composition was a critical part of this research. Even immediately after harvesting, the invertebrate community associated with C. officinalis turfs was not significantly affected although there were some relatively large non-significant effects on some groups of invertebrates. This information coupled with the rapid regeneration of the resource itself strongly suggests that C. officinalis is a sustainable source of biogenic calcium carbonate. Previously, optimal harvesting intervals and methods have been determined for a range of species based only on regeneration time (Baardseth, 1970; Pringle and Sharp, 1980; Keser and Larson, 1984; Ang et al., 1996; Lazo and Chapman, 1997) . There are very few examples of investigations of full community effects (e.g., A. nodosum in Ireland and New England), which are required for true sustainability studies. Boaden and Dring's (1980) study of communities when cutting A. nodosum to 18 cm had good taxonomic coverage (algae and invertebrates) but was limited to a single time period, 2.5 years after the cut. The significant differences they found in algae and some invertebrates were no longer evident 30 years after the harvest (Gregory, 2007) . In Maine, United States, comparing the effects on the A. nodosum community of cutting at lengths of 18 and 36 cm showed that the community was resilient to a lower intensity disturbance (36 cm cut), recovering within 2 years (Fegley, 2011) . Stagnol et al. (2015) reported varying results for species diversity of the communities associated with various harvested seaweed species in Brittany, following the effects for a total of 12 months. Another aspect of sustainability of harvesting natural resources is the effect on genetic diversity of the target species (Guillemin et al., 2014) . Here, our preliminary study showed a high genetic diversity in C. officinalis, comparable to that in Galicia (Pardo et al., 2015) , suggesting a lack of isolation and greater resilience to impacts including anthropogenic disturbance.
Potential new high-value products, ranging from pigments to proteins and polysaccharides, are constantly being developed from species of red seaweeds (Thomas and Kim, 2013) . For some of these newly valuable red algae, wild harvests could be a possible source of biomass for extraction of the desired products. Although wild harvests cannot produce a high biomass of seaweeds in Europe, it might be feasible to wild-harvest sufficient quantities of species that are sources of high-value biotechnological or pharmaceutical products. In order to ensure that commercial harvesting of a macroalgal resource is carried out in a sustainable manner, harvesting trials using different methods should be conducted to assess the effect of those methods on the target species (Vasquez, 1995; McLaughlin et al., 2006) . However, C. officinalis is a biogenic-habitat-forming organism and ecosystem engineer (Crain and Bertness, 2006) and the communities associated with the Corallina turf cannot be omitted from an assessment of sustainability of harvest. Demonstrating the sustainability of harvesting C. officinalis in Ireland therefore required a broad approach to understanding the resource and its regeneration after harvesting, as well as the effects of harvesting on the associated invertebrate community.
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